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ABSTRACT
POLYMER ELECTROLYTE MEMBRANE FUEL CELL DESIGN FOR AN
ELECTRIC VEHICLE
Sai Krishna Bobba, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2015
Dr. Pradip Majumdar, Director

Fuel cells have a broad range of applications from large power plants to household power
source module as well as to electric-powered vehicles. One of the best promising alternative
technologies for improved efficiency and reduced vehicle emission is the polymer electrolyte
membrane (PEM) fuel cell with hydrogen as the fuel. This work is a continuation of the
previous experiment al and simulation studies conducted at NIU in an effort to develop
high-performance PEM fuel cell for operation at a higher power density. The objective of this
research is to design a fuel cell power unit using a PEM fuel cell simulation model integrated with
the hydrogen storage and supply system and a representative automotive load cycle. This study
also investigates and performs experimental tests using scaled-down standard automotive load
cycles on a scaled-down 1.2 kW stack of polymer electrolyte membrane (PEMFC) fuel cells to
determine and validate performance and operating characteristics of the fuel cell system. Results
will be presented for real-world operating conditions of the high-performance PEMFC stack to
determine the feasibility and aid in the improvement of the future design.
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CHAPTER 1
INTRODUCTION
1.1 Motivation
The consumption of gasoline has drastically increased globally due to increased demands
in transportation well as household and industrial use. The increase in attention of efficient,
non-polluting power source for vehicles in urban environments has resulted in increased
attention towards fuel-cell-powered vehicles. Among the available fuel cells the polymer
electrolyte membrane fuel cell (PEMFC) with hydrogen as the fuel is one of the most
promising alternative energy sources due zero-emission source, increased efficiency, high
powder density, lower temperature operation suitable for quick start and stop operation, and
compatibility and integration with other vehicle sub-systems.
Hydrogen is the most suitable fuel for a power-module-fueled vehicle, giving the most
noteworthy transformation productivity to fuel on board to electric power and creating zero
tail-funnel emanation. The main outflow of the hydrogen/air energy component procedure is
water. Hydrogen fuel could be carried on board the vehicle as either flawless hydrogen, as
pressurized gas or cryogenically put-away fluid, or as a more standard fluid fuel, like methanol
or fluid hydrocarbon, that should be changed over on board the vehicle to a blend of hydrogen
and CO2. The last kind of vehicle won't fulfill the criteria of a zero-emission-vehicle (ZEV);
however, hydrogen fuel cells may at present fulfill the criteria for an ultra-low-emission
vehicle (ULEV) [1].

2

1.2 Background

Fuel cells have a relatively low power density in comparison to their gasoline counterparts,
and they respond slowly to the power demands. With this disadvantage in mind, fuel cells struggle
to compensate for the quickly changing energy demands of vehicle acceleration and weight
efficiency. In order to design a higher power density, faster response fuel cell system, the cell
characteristics and performance of current fuel cells must be analyzed and models held against
typical vehicle power requirements. This will pave the way for aiding in the design and testing of
new fuel cells that can achieve the power generation requirements of modern automotive vehicles
[2].
1.3 Literature Review

Ho-Wee Jung discussed the challenges that we need to overcome before the PEMFCs can
replace traditional energy systems. He included some of the research on the application of
PEMFCs, like power generation for residential purposes, transportation and how stable hydrogen
can be supplied [3].
Garraín, Lechon and Rua compared the environmental impacts of the internal combustion
engines and the fuel cells. They analyzed fuel cells using life cycle assessment (LCA)
methodology. They concluded that fuel cell vehicles can achieve 40-50% higher efficiencies, and
the amount of noise and the vibrations produced decreases because of fewer moving parts [4].
Mustaffa, Mohamed, and Atan in their paper discussed the amount of hydrogen
consumption for a lightweight vehicle. First, they analyzed the performance of fuel cell stacks.
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Both experimental and numerical tests were conducted. The mileage for every kWh of fuel energy
was evaluated [5].
Yaldgard, Janshahi and Seghatoleslami discussed that the performance of the catalysts
strongly depend upon the support. These catalysts are supported by carbon black. Corrosion of the
carbon black has been recognized as the major issue. They studied the performance with the help
of the carbon nanotubes and carbon nanofiber aerogels. These carbon materials proved to be better
materials than carbon black [6].
Enache, Petreanu, Patularu, Ebrase, Schitea and Varlam scaled down the active area of the
PEMFC in order to reduce the specific Ohmic losses. They delivered power density up to
0.53W/cm2, but a large amount of hydrogen is consumed [7].
McDonald described the working of the 1.2KW NEXA fuel cell and determined the various
characteristics of typical load cycles to determine the standard operating conditions. He also found
out the number of the cells required to run a car by taking some parameters into consideration [8].
Boddu developed a three-dimensional model in GAMBIT to evaluate the flow, heat and
mass transportation in bipolar plates. The simulations were carried out in FLUENT. He varied the
designs of the bipolar plates and also analyzed the mass transfer in gas flow channels [9].
Babburi evaluated the degradation of a 10-cell PEMFC stack subjected to automotive load
cycles. He developed the durability test protocol for transportation applications and analyzed the
individual cells using in-test and posttest diagnostic techniques. He observed a 3% loss in the stack
voltage for 480 operating hours and also revealed that the performance degradation was due to
gradual decrease in kinetics of the cathode reaction [10].
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Konnepati developed a three dimensional unit cell model to understand the mechanisms of
the fuel cell and evaluated the effect of the various designs of bipolar plates. The model included
the mass transfer process and diffusion in the gas flow channels. He carried out two simulations
for operating current densities at 0.5 and 1.5 A/cm2 and concluded that by reducing the size of the
bipolar plate the performance of the cell is increased in terms of gas distributions and mass transfer
losses [11].
1.4 Thesis Objectives

The main aim of this study is to design a fuel cell power unit using a PEMFC simulation
model integrated with the hydrogen storage, gas supply system and a representative automotive
load cycle. Experimental test analysis is performed using a 1.2KW polymer electrolyte membrane
fuel cell stack and an electronic load simulator for a typical representative automotive load cycle.
PEM fuel cell performance characteristics in terms of polarization curves are obtained and the
critical loss parameters such as exchange current density, activation and Ohmic loss components
are quantified. A computer simulation analysis is carried out using one-dimensional PEM fuel cell
model and SQL Studio Management System for a typical automotive load cycle to validate unit
PEM fuel cell performance and to see the feasibility of an 80 KW PEM fuel cell power module for
an electric vehicle. Results will be presented for the performance of the PEMFC stack to determine
its feasibility based on the state-of-the-art fuel cell Nafion membrane and to aid in the improvement
of the future designs based on alternative fuel cell membrane.

CHAPTER 2
FUEL CELL THEORY
2.1 PEMFC Operation

PEM fuel cells are also known as polymer exchange membrane fuel cells. They typically
operate on pure hydrogen fuel. The PEM fuel cell combines the hydrogen fuel with the oxygen
from the atmosphere thereby producing water, heat and electricity. Hydrogen and oxygen, either
pure or in the form of air, flow through the electrode gas channels. Hydrogen is passed through
anode, and oxygen enters through cathode. Hydrogen diffuses out at anode through the gas
diffusion layer, thereby producing two protons and two electrons. Protons move through the
membrane, and electrons move through an external circuit, thereby producing electricity. Oxygen
undergoes electro-chemical reduction at cathode by combining with the incoming protons and
electrons producing water (Figure 1).
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Figure 1: Operation of PEMFC.

Half reactions and overall reaction:
Anode: H2O → 2H++2eCathode: 1/2O2+2H++2e- → H2O
Overall reaction: H2+1/2O2 → H2O

2.2 Major Components of PEMFC

The major components of PEMFC are polyelectrolyte membrane, bipolar plates, gas
diffusion layers and catalyst layers (Figure 2).
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1. Polyelectrolyte membrane: This layer helps in conducting only protons through the membrane.
This is a specially treated material that looks similar to plastic kitchen wrap. The membrane is thin
for transport applications. In some cases it can be around 20 microns [12].
2. Bipolar plates: Each cell generally produces around 1V. In order to achieve higher voltage, a
number of cells are connected in a series. These cells are arranged next to each other by
sandwiching between two bipolar plates. These plates are generally made of metal, carbon or
composites and provide electrical conduction between cells. The surface of the plates contains a
flow field that is a set of channels machined or stamped into the plate to allow gases to flow over
the membrane electrode assembly [12].
3. Gas diffusion layer (GDL): The main function of this layer is to facilitate transport of reactants
into the catalyst layer and also to remove the byproduct. Each GDL is typically made of the sheet
of carbon paper in which the carbon fibers are partially coated with polytetrafluoroethylene
(PTFE).The inner surface of the GDL is coated with a thin layer of high surface area carbon mixed
with PTFE, called the microporous layer. This layer can help adjust the balance between water
retention and water release [12].
4. Catalyst layers: A layer of catalyst is arranged on both sides of the membrane-- anode layer on
one side and the cathode layer on the other side. The catalysts are generally loaded with platinum
on the high surface area of carbon. On the anode side the catalyst enables the hydrogen molecules
to split into protons and electrons. On the cathode side they enable oxygen reduction by reacting
with the protons to travel through these layers [12].
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Figure 2: Major components of PEMFC.

2.3 Open Circuit Voltage of PEMFC

The fundamental operation of a fuel cell was explained above. In the reaction, two
electrons pass around the external circuit for each water molecule produced and each molecule of
hydrogen used. Therefore, for one mole of hydrogen used, 2N electrons pass round the external
circuit, where:
N is Avogadro’s number
e is the charge on one electron
Then the charge that ﬂows is given by −2Ne = −2F coulombs.
By considering F as Faraday constant and E as the voltage of the fuel cell, then the
electrical work done is given by
Charge*Voltage = −2FE Joules
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If the system is considered to be reversible (or has no losses), then the electrical work done will be
equal to the Gibbs free energy released =∆gf. So,
∆gf = −2F · E
Therefore,
Erev = −∆gf/2F
This fundamental equation gives the electromotive force (EMF) or reversible open circuit voltage
of the hydrogen fuel cell [13].
2.4 Sources of Losses

If the fuel cell circuit is open and no load is applied, the maximum reversible cell voltage
is observed. As soon as the circuit is closed, however, that maximum cell voltage decreases
significantly due to several phenomena that cause relatively high losses.This is given by the
equation:
V = Eo –ηact- ηohmic -ηconc………………………………………………..eq 2.1
where:
V is the actual cell voltage,
Eo is the open cell voltage,
ηact is the activation loss,
ηohmic is the Ohmic loss, and
ηconc is concentration loss.
The equation states that the actual voltage maintained is a function of the open circuit voltage
subtracted from losses. Figure 3 shows us the different losses which occur at different regions. The
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polarization plot is used to analyze the performance of the fuel cell and different losses are
discussed below.

Figure 3: Polarization curve.

2.4.1 Activation Losses
These losses occur mainly due to the electrode reaction kinetics as certain amount of energy
is needed to start the chemical reaction. These losses occur both on anode and cathode catalysts.
The voltage drops nonlinearly. The oxygen reduction reaction kinetics is much slower than
hydrogen oxidation reaction, and the reduction reaction produces a much larger magnitude of
activation polarization loss. The oxidation reaction on the anode is faster and practically constant
throughout the current range. The activation loss is given by the formula:
η act =(RT/αnF)*ln(i/i0) …………………………………………….Eq 2.2
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where:
R=8.314JK-1m-1
T=298K
α=0.5
F=96485
The above formula is based on Tafel equation. The exchange current density is denoted by
i0 (A/cm2) and the current density is denoted by i (A/cm2). The exchange current density is a
measure of the rate at which reaction proceeds when the current is equal to zero (Barbir 2005). If
the value of the exchange current density is higher, the lower the overall activation losses and vice
versa. The charge transfer coefficient (α) is typically considered to be around 0.5 with hydrogen
and oxygen reacting on a platinum catalyst (Mench 2008). The open circuit voltage of the cell is
close to 1V/cell, which can be caused due to hydrogen crossover and internal currents. These losses
arise because the membrane in a PEMFC is electronically conductive and permeable to gasses.
These losses can be considered as an internal current. These internal losses can have an effect on
voltage when the external current is small. In this study these losses are considered part of the
activation losses and should not affect the results [17].
2.4.2 Ohmic Losses

There is always a restriction for flow of electrons due to resistance in an electrical circuit.
In case of a PEMFC there is a material resistance, component resistance and there is also a
resistance to the flow of hydrogen ions through the membrane. The Ohmic losses can be calculated
based on the formula:
η ohm=i*Le/σ………………………………………………………………… Eq 2.3
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where:
i=current density
Le= length of the electrolyte
σ =proton conductivity
The efficiency of the cell decreases as current increase and as the thickness of the
electrolyte and the area of membrane increases. This is a primary contributor to fuel cells having
low power density to weight; as the cell operates at higher currents, the efficiency decreases. In
order to reduce the value of the Ohmic resistance it is necessary to use electrodes with extremely
high conductivities or reduce the distance that the electrons must travel; resistance is proportional
to distance. Another way to reduce the resistance is to use well-designed bipolar plates, which have
high conductivities and short lengths. The final way to reduce resistance associated with Ohmic
losses is to create a thin electrode, thus giving the protons a shorter distance to travel before they
can combine with the oxygen and electrons [14].
2.4.3 Mass Transport Loss

The decrease in the concentration of reactant gases at electrodes leads to mass
concentration losses. The concentration of the gases reaches zero at interface at higher current
densities. Therefore, the maximum current limit is reached at higher potential, thereby giving rise
to mass transfer effects. These losses affect the voltage of the cell by decreasing the reversible
voltage when the concentration at the reactant is lower than the initial concentration. The species
transport to the interfaces can also be limited by using various flow field structures.
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2.5 Load Cycle

The load cycle that is used in the experiment is obtained from the Argonne National
Laboratory. The load cycle they have generated is for Nissan Leaf with 240A and 380V. The load
cycle is modified as per the specifications of the 1.2KW NEXA. The maximum current that NEXA
fuel cell can produce is 60 Amperes and the operating voltage is in between 20-36V. Therefore,
the load cycle is scaled down. The newly scale-down load cycles are shown in Figures 4 and 5
and consists of four peak power points ranging between 1000-1200W. This number of peaks would
be good to analyze the performance of the fuel cell.
Current Vs time in second

Current in Amperes(A)

70
60
50
40
30
20
10
0
0

100

200 Time (s)

300

Figure 4: Load cycle with current vs. time.
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500
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Power Vs time in Second
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Power in Watts

1000

Peak power
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0
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100
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200

250
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Figure 5: Load cycle with power vs. time.
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CHAPTER 3
EXPERIMENTAL STUDY
3.1 Experimental Setup

The major components that are used for the experimental purpose are NEXA fuel cell,
electronic load, hydrogen generator and 24V batteries (Figure 6). The working of each component
is described briefly below.

Hydrogen Generator
24V Batteries
Fuel Cell
Electronic Load

Figure 6: Experimental setup.
1. NEXA 1200 fuel cell:
A NEXA 1200 fuel cell system by Heliocentris was used for the experimental test (Figure
7). It is capable of delivering power up to 1200 Watts. The NEXA 1200 incorporates a Ballard
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1020ACS fuel cell stack. The 1020ACS is a PEM fuel cell stack that is designed for lab testing
conditions. It is a 36-cell stack with active cell area of 28.5*5.3 cm2 with hydrogen supply inlet
regulated by two pressure control valves. The cells take hydrogen and periodically purge of
hydrogen with a purge valve, allowing for more hydrogen to enter. Air is supplied to the cells via
a fan blowing into open oxygen channels. The exiting oxygen and purged hydrogen finally exit
the system at the fan outlet.

Figure 7: NEXA 1200.

Figure 8: Overview of the fuel cell stack [15].

The fuel cell stack is controlled and operated via Lab VIEW software (NEXA), which is
provided by the manufacturer to allow for easy monitoring and control of the system. The NEXA
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software displays the different monitoring sensors involved in data acquisition. Practically all
relevant parameters can be measured, from fuel cell current, fuel cell voltage, fuel cell temperature,
inlet pressure and fan speed.
2. Electronic load:
In order to apply known and reliable dynamic loading to the fuel cell stack, a Heliocentric
EL2400 electronic load was acquired (Figure 9). This is a high-performance DC load simulator
that can control current, voltage, power and resistance requirements. We can operate the electronic
load in three constant modes either by keeping voltage, current or power as constant. This also
utilizes software with the proprietary Easy Load Lite software to control the loading and record
the subsequent data. The EL2400 allows for either manual or automatic control of the loading. It
connects directly to the fuel cell with a relay incorporated to protect the cells from any back current
or overpotential. For this experiment, load cycles were input to the automatic control.

Figure 9: Electronic load.
3. Supplemental equipment:
a) Three ovonic solid hydrogen storage canisters were incorporated to provide constant
hydrogen supply to the system (Figure 10). These were chosen because they can store a high
volume of hydrogen at relatively low (200 bar maximum) pressures. The hydride canister absorbs
hydrogen into a metal hydride alloy through a chemical exothermic process. So, the cylinders
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warm up during storing of hydrogen into cylinders and store it as a solid rather than simply
pressurizing hydrogen gas. The hydrogen is released through an endothermic chemical reaction;
therefore, cylinders get cooled during the operation of fuel cell. This is the safest method of storing
hydrogen at high pressure and allows a great quantity to be stored in a relatively small space.

Figure 10: Ovionics cylinders.
b) For system initiation and safe startup, two 24V rechargeable lead acid batteries were
incorporated into the system (Figure 11).

Figure 11: Lead acid batteries.

c) In order to produce high-quality hydrogen, Heliocentric NM 500 series hydrogen
generator was acquired (Figure 12). The generator is capable of delivering 99.9999% pure
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hydrogen. This is of paramount importance in optimizing cell performance. Degraded hydrogen
can contaminate the cells and cause permanent damage.

Figure 12: Hydrogen generator.
3.2 Experimental Procedure

First, the tank in the generator is filled with distilled water and the deionizer bag is placed
in the tank. As soon as we turn on the main power switch at the rear of the unit the display will
show the software version installed followed by a “self -checking” period of 20s. Thereafter, by
using the function buttons we need to set the pressure at 10bar. A tube is connected to the generator
to store the hydrogen into canisters. So as soon as the generator reaches the set pressure the valve
is opened and the hydrogen is stored into canisters with the help of the tube. In the same way, three
metal hydrogen canisters are filled with hydrogen. Later on these cylinders are connected to the
fuel cells with tubing. Each cylinder is filled in 5hrs.The amount of hydrogen that these cylinders
can store is 22gms at 760 STP.
The electronic load is operated in remote mode. The load cycle used in the experiment is
obtained from the Argonne National laboratory. Load cycle sequences were written and input into
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the automatic cycle tester. This tells the electronic load what to demand and for how long from the
fuel cell by using Easy Load Lite Software. The load cycle should be given in .CVV format.
For the initial startup of the fuel cell the two 24V batteries are connected to the fuel cell.
In the meantime the NEXA software is used to run the fuel cell and the electronic load starts
demanding the load from the fuel cell as soon as the program is started. The fuel cell data is
recorded into the data logger. This data logger is switched on when the fuel is started. As soon as
the program is stopped the data acquisition (DAQ) should also be stopped. The raw data obtained
in the NEXA software is saved into a text file and the final results are saved again into an Excel
file.
3.3 Results of NEXA Fuel Cell
3.3.1 Effect of Fuel Cell Temperature and Fuel Cell Current

The fuel cell temperature rises as there is a rise in the current (Figure 13). There is a rise in
temperature from 25⁰C to 35⁰C. There is only a rise of 10⁰C because a good number of vents and
fan are provided to reduce the temperature of the fuel cell. This rise in temperature takes place in
order to meet the power demands. It can also be deduced from the Second Law of
Thermodynamics, that as more power is demanded from the system and temperature rises, so too
do the losses due to heat. As there is a rise in temperature the fan speed also goes up to reach a
steady state. So as the fan speed increases there is also increase in the intake of the oxygen and
more heat is being removed. There are different cooling techniques such as cooling with heat
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spreaders, cooling with separate air ﬂow, cooling with liquid and cooling with phase change that
are used in general [16].

FC TEMPERATURE, FC CURRENT VS TIME
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Figure 13: Fuel cell temperature, fuel cell current vs. time.
3.3.2 Effect of Fuel Cell Voltage and Fuel Cell Current
The voltage of the fuel cell drops when there is an increase in the current (Figure 14). There
is a large drop in the voltage at higher currents. The voltage of the cell should not drop below 16V
as per the specifications or there might be a chance of breakdown of the fuel cell. The fuel cell
voltage and the fuel cell current are taken into consideration in order to plot the polarization plot.
The polarization plot is plotted with help of voltage of the cell and current density. The voltage of
the cell is obtained by dividing the fuel cell voltage by 36 because the fuel cell stack consists of
36 cells and the current density is calculated by dividing the fuel cell current with the active area.
The area of fuel cell that can produce electricity is known as the active area. The active area is
found to be 145cm2.
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Figure 14: Fuel cell voltage, fuel cell current vs. time.

3.4 Polarization Curve

Polarization plot is the important tool to analyze the performance of the fuel cell and from
which the voltage losses are also calculated. The load cycle is run for five times and all the data
obtained from different trials are compiled (Figure 15) .The cycle is run for five times so that we
can avoid any experimental errors and we can also know the repeatability and reliability of the fuel
cell.
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Polarization Plot For Five Trials
1.2

Cell Voltage in Volts

1

Trial 1
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Trial 5
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0.8
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0.3
Current Density in A/cm2

0.4

0.5

Figure 15: Polarization plot.
The activation losses are found at lower current densities. So, the activation losses are
considered at current densities below 0.03A/cm2 in this study (Figure 16). The activation losses
are calculated from the equation obtained from the graph for five trials and the average is calculated
from these five trials and also the exchange current density is obtained.
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Figure 16: Activation losses plot.
The Ohmic losses are considered to be one of the major losses. The load cycle is run for
five times and the Ohmic losses are calculated for each run and the average is obtained from which
the proton conductivity is calculated (Figure 17).
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Figure 17: Ohmic losses plot.
The activation losses and Ohmic losses are calculated and are tabulated for each trial (Table
1).
Table 1: Voltage Losses
Trials

Activation Loss(in Volts)

Ohmic Loss(in Volts)

1

0.17

0.27

2

0.1712

0.2677

3

0.1719

0.26855

4

0.1713

0.2686

5

0.1712

0.267771

0.17112

0.2685242

Average
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The exchange current density io is calculated from the activation loss from equation 2.2:
Activation Loss= 0.17112
R=8.314(JK-1M-1)
T=298K
α=0.5
i=0.3A/cm2
Faradays Number (F) =96485(CM-1)
Therefore,
Exchange Current Density=0.01A/cm2
Proton conductivity (σ) is calculated from the Ohmic loss by using equation 2.3:
Ohmic Loss = 0.268
Current Density= i =0.3A/cm2
Thickness of the Electrolyte=Le=0.1cm
Therefore, proton conductivity (σ) =0.11 S/cm.
The voltage of the cell is calculated based on the experimental results using the formula
that is mentioned in Chapter 2 and is found to be 0.569V. The voltage that is obtained is too low
to design a fuel cell with this fuel cell. So we need to increase the voltage of the cell by either
decreasing the losses or by using different membranes.
3.5 Effect of Pressure on Fuel Cell

Hydrogen depletes in the gas channels, so in order to allow the fresh hydrogen into the gas
channels there is a drop in the inlet pressure because of the frequent purging. The hydrogen that
remains in the fuel cell is purged out with the help of a fan. In order to keep the fuel cell at optimum
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efficiency, hydrogen has to be supplied to the fuel cell. Whenever there is a sudden increase in the
power demand, more amount of hydrogen has to be supplied so the pressure at the inlet decreases
(Figure 18).
Hydrogen Pressure at inlet VS Time
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Figure 18: Inlet pressure vs. time.
3.6 Fuel Consumption

The maximum amount of hydrogen that can be stored in the hydrogen canister is
68grams/760 std. liters. The diameter of the cylinder is 89mm and the weight of the cylinder is
6.5kg. Each cylinder is filled for 4hrs and then they are used for the experimental purpose. The
flow meter is used to measure the flow of the hydrogen. It can measure up to 25cc/min. The load
cycle is run for 15 minutes and the total amount of hydrogen consumed is tabulated (Table 2).

28

Table 2: Hydrogen Consumption
Density of H2
Flow rate
flow Rate
cubic meter per minute
mass of H2

0.089kg/m3
53.33cubic inch per 15min
3.55 cubic inch/min
0.00005817m3/min
0.000077 kg of H2 for 15min

3.7 Design of Fuel Cell Stack Based on Experimental Results

The fuel cell stack is designed based on the voltage obtained from the experimental
results. In order to maintain the balance of the fuel cell vehicle and to minimize the losses, two
fuel cell stacks are deigned, each capable of generating 40KW, and each fuel cell stack is
connected to hydrogen cylinder. The design calculations are performed using the formula:
Number of Cells= Power Output/ (Area of the cells*Voltage*Current Density)
The parameters chosen are as follows:
Power=40KW
Voltage of the cell is 0.564V
Membrane area=25*25cm2
Current density=0.43A/cm2
Dimension of unit cell=25cm*25cm*0.6cm
Number of cells=264 cells
Size of fuel cell=1.58m
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In order to reduce the size of the fuel cell stack we need to increase the voltage of the cell. So,
there is a need to switch to alternate membranes where the cell voltage is higher at the current
density of 0.43A/cm2.

CHAPTER 4
SIMULATION MODEL
4.1 Microsoft Visual Studio

Microsoft Visual Studio is an integrated development environment developed by
Microsoft. It has built in languages like C, C++, and VB.net and C #. I have used Visual Studio
2010 version to design one-dimensional PEMFC. The main applications are windows, web, and
the cloud. The key features are code editor, debugger, designer and extensibility. One of the
important features used for modeling is designer. Basically, a form is created using the windows
forms designer feature. A windows forms designer feature is used to build a graphical user
interface applications using windows forms. The different controls which display the data are the
text boxes, list box, grid view, etc. The text boxes are used to take the input from the user and
perform the task assigned to them and display the output. The code is written inside the form to
perform necessary functions. The code is run and the errors can be debugged easily as it shows the
line number of the error.
4.2 SQL Database Management Studio

SQL stands for structured query language. This a programming language used to manage
the data that is stored in a database or the data that is flowing into the database. SQL is divided
into different units like clauses, expressions, predicates, queries and statements. The unit that I
mainly used is queries. Different queries are written to join two different tables, call the values
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from the table, delete the values, and insert the data into the tables, but many more operations can
be performed using queries. There are different database languages like Oracle DB, Microsoft
Access and IBM DB2. To model the PEMFC I have used Microsoft SQL Server Management
Studio 2012. The tables for enthalpy and entropy at different temperatures for oxygen, hydrogen
and water are created in a SQL database in the form of three different tables. The database is then
connected to Microsoft Visual Studio through a connection.
4.3 One-Dimensional PEMFC Model

A program is developed using Microsoft Visual Studio and SQL Management Studio to
calculate the open cell voltage using Nernst equation and the losses that occur in the onedimensional PEMFC: finally, the operating cell voltage is calculated at current density (i) of
0.5A/cm2 by considering Nafion-117 as polyelectrolyte membrane and the operating temperature
to be 80°C with the following data:
Anode gas stream:
Inlet gas composition: 95% H2 and 5% H2O
Inlet pressure: Pa=2 atm (202.6kPa)
Cathode gas stream:
Inlet gas composition: air with 21% O2 and 79% N2
Inlet pressure: Pc=2 atm (202.6kPa)
Diffusivities:
DeffH2, H2O=0.15cm2/s
DeffO2, H2O=0.03cm2/s
Deff H2O=3.8*10-6 cm2/s
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Kinetic parameters:
Cathode exchange transfer coefficient, α=0.5
Cathode exchange current density, io =0.0001A/cm2
Layer thicknesses:
Anode thickness, La=300µm
Cathode thickness, Lc=300µm
Electrolyte thickness, Le=100µm
A form is created in which the various parameters can be provided by the user to calculate
the operating cell voltage through text boxes. We can vary anode and cathode gas stream
compositions, temperature and dimensions of the electrodes of the fuel cell that can be used, and
we can also vary the kinematic and the diffusivity parameters of the fuel cell based on the
application. This model also helps us to analyze how the open circuit voltage and the operating
cell voltage vary by varying different parameters. The values of the inputs can be varied based on
the materials that can be used in the fuel cells and we can also use the values from the experimental
analysis of the fuel cell. As mentioned earlier, a database is created. So, as the user inputs the
temperature into the design form the, Gibbs free energy can be calculated by choosing the entropy
and the enthalpy values from the database. See Figure 19 and 20.
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Figure 19: Output form with results.
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Figure 20: SQL Database Management Studio.
Polarization plot:
A different class is created to plot the polarization graph (Figure 21). Arrays are used to
plot the graph. The graph can be plotted for any number of current density values as per user
requirements. In order to obtain a polarization plot, the graph is plotted for voltage of the cell and
the current density.
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Figure 21: Polarization plot.

CHAPTER 5
MODELLING OF PEMFC USING NAFION AND OTHER ALTERNATE MEMBRANES
5.1 Research Trends on Membranes

Zaidi discusses the various trends in development of polymeric membranes [16]. He
notably discussed about the developments of Ballard Advanced Materials and some results were
also discussed. He also stated that the current trend is for composite and hybrid membranes. They
combine both the properties of the polymeric component and the inorganic part. Most recent
studies and research are being done on sulphonated polyether-ether ketone which is better known
as SPEEK [16].
Only DuPont’s Nafion and the Dow membranes have been commercially used until now.
The performance of the DOW membrane is superior to that of the Nafion 117 membrane. Dow
membranes have high chemical inertness and high proton conductivity but they cost around
US$800-2000 ft-2.Dow membranes also have drawbacks like water balance and the high methanol
permeation. For the fuel cells to be commercially feasible, the membrane cost should range
between US$5-15 ft-2 which has led to search for a low-cost polymer [16].
Ballard Advanced Materials (BAM) developed a series of membranes which were designed
as BAM1G, BAM2G, and BAM3G. BAM1G were based on phenylquinoxalene polymers, but,
the lifetime of these membranes was found to be lower than Nafion membranes.BAM2G was
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developed based on 2, 6-diphenyl-4-phenylene oxide (Figure 22). These membranes showed better
properties than BAM1G, Nafion 117 and Dow Membranes but the life time was the major
drawback. The failure of internal transfer of reactant gases across the membrane electrode
assembly reduced the hours of operation. BAM3G is still in testing stage, but being a fluorinated
product it cannot be environment friendly.

Figure 22: Chemical structure of PFSA [16].
Improvements of Nafion Membranes:
The morphology of the Nafion membranes is changed by different process like palladium,
sputtering and plasma etching, which leads to increase in the roughness of the membrane and
decrease in the methanol permeation. The open circuit voltages were also improved. Nafion is also
composited with different inorganic materials such as silicon dioxide and has shown better water
retention and proton conductivity at higher temperatures.
Hydrocarbon Composites:
The approach to improve the polymer electrolyte membranes using composites led to the
research towards sulphonated polyether-ether ketone (SPEEK). SPEEK is an aromatic sulfonic
acid polymer (Figure 23). The properties of SPEEK are low methanol permeation, high proton
conductivity and good mechanical properties. SPEEK is cheaper than the commercial Nafion
membrane. The proton conductivity of SPEEK at room temperature was found to be 10-2s/cm and
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10-1s/cm at 100⁰C when mixed with boron phosphate and polyetherimide. SPEEK-modified silica
and SPEEK zirconium phosphate membranes reached power densities of 0.62 Wcm-2 at 100 ° C.
In all cases, the presence of the inorganic particles led to an increase in proton conductivity of the
polymer membrane, without any harm to its flexibility [16].

Figure 23: Chemical structure of SPEEK.
Other Relevant Developments:
Hyflon ion is similar in structure to Nafion ionomer, except that it contains a shorter side
chain compared with that of Nafion (Figure 24). These membranes are partly crystalline and partly
amorphous. Even though Hyflon has lower equivalent weight than Nafion, it has same crystallinity
and due to this it also has same mechanical properties [16].

Figure 24: Comparision between Hyflon and Nafion.

39

5.2 Design of Fuel Stack Based on Alternate Membranes for Electric Car

A fuel cell stack is designed for an 80KW electric car based on the current densities and
the voltages of the cell. The fuel cell stack is divided into two stacks because to balance the vehicle.
Different membranes were used in designing the fuel cell stack. The basic design of the fuel cell
car is shown in Figure 25.
Auxiliary Power
Hydrogen Tanks

Electric motor

Fuel cells

Figure 25: Basic design of fuel cell car.

The number of cells that are required to build a fuel cell stack is given by the formula:
Number of Cells= Power/ (Current Density*Voltage of the Cell*Area of the Cell)
The fuel cell stack is designed for a power of 40KW. The voltage of the cell is chosen at current
density of 0.43A/cm2. This assumption is made from US06 load cycle because the average power
that is utilized by the electric cars is generated at current density of 0.43A/cm2. The active
membrane area is considered to be 625cm2. The power produced by each cell can be increased by
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increasing the surface area of the membrane. The fuel cell stack is designed using different
membranes (Table 3).
Table 3: Design of Stack Using Different Membranes
Membranes

Voltage(V)

Number of cells

Size of the stack(m)

DOW

0.81

183

1.09

BAM2G

0.78

192

1.15

Hyflon

0.78

192

1.15

So, the fuel cell size came up to almost 1m, which can fit into the car, and the active
membrane area can be increased so that the size of the fuel cell can be reduced.
5.2 Design of Hydrogen Tank

Usually, the tanks are designed in such a way that the car can run for 300-400 miles without
being refilled. Hydrogen that is used as the fuel for the cell can be stored in different ways. It can
be stored as chemical hydride energy storage, compressed gas, and liquid hydrogen. The major
constraints involved in storing hydrogen are weight, cost, efficiency, durability and refueling time.
Compressed hydrogen is the gaseous state of hydrogen. The energy density of hydrogen
can be improved by storing at higher pressures. The compressed tanks store hydrogen that is
compressed at 350bar and 700bar. Honda and Nissan have been developing a solution for this.
The energy density of hydrogen can also be improved by storing in the liquid state. The main issue
is with liquefaction of hydrogen. The amount of energy needed for liquefaction is very high. Work
is being carried out by BMW on liquid tanks for cars.

41

Metal Hydride storage basically works by binding hydrogen with the metal hydrides. Only
metal hydrides were able to achieve the 9% gravimetric goal, but they are limited to boron, lithium
and aluminum-based compounds.
The U.S Department of Energy’s is working towards the development of carbon-based
materials and sorbents for hydrogen storage. This targets breakthrough concepts for storing
hydrogen in high-surface-area sorbents such as hybrid carbon nanotubes, aerogels, and nanofibers,
as well as metal-organic frameworks and conducting polymers [12].
An empty gas tank weighs around 20-22 lbs in a normal car. The weight of gasoline at
20⁰C is about 6.2lb per gallon. The total weight of a gasoline tank filled with gas weighs 133lbs.
A three layered compressed tank will store the compressed hydrogen at 70MPa. The front tank
would weight around 122.1 lbs and the rear tank will weight 189.38 lbs. Two hydrogen tanks
weigh around 192lbs (87kgs) when we use carbon fiber-reinforced plastics. These are already
being used in Mirai. Mirai is a fuel cell car that is being developed by Toyota. So, as we are already
using two fuel cell stacks to run the 80KW motor, we can use two hydrogen tanks that are lighter
in weight, so we can run the vehicle for 300-400 miles and we can easily balance the vehicle.

CHAPTER 6
CONCLUSION
6.1 Summary

In this study the experimental test analysis was performed using a 1.2KW polymer
electrolyte membrane fuel cell stack and for a typical representative automotive load cycle to
characterize PEM fuel cell performance parameters. The load cycle was run for five times to check
the repeatability and reliability of the fuel cell. The voltage was too low at peak currents; to
overcome this issue, the size of the fuel cells must be increased. A computer simulation analysis
was carried out using a one-dimensional PEM fuel cell model and SQL Studio Management
System for a typical automotive load cycle to see the feasibility of an 80 KW PEM fuel cell power
module for an electric vehicle based on the PEM fuel cell design test as well as state-of-the-art
PEM membrane data characterized by the experimental data. The operating voltage of the cell was
calculated to be 0.567V for the vehicle load cycle considered. Based on the experimental and
simulation analysis results, a fuel cell stack was designed for the 80-kW fuel cell electric vehicle
using the commercial Nafion membrane as well as the other state-of-the-art alternate membranes.
6.2 Future Work
Use a three-dimension PEM fuel cell model to evaluate the state-of-the-art polymer
membrane and electrode-catalyst design. The performance of the stack can be increased by using
cooling techniques and supply of fuel through proper design of gas flow channels. Design an
electric vehicle powertrain based on PEM fuel cell power module, battery storage and a
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hydrogen storage system. A dynamic simulation analysis of the fuel cell design along with a
battery storage system needs to be carried out using a vehicle load drive cycle. A commercial
feasibility study of the newly designed PEMFC will be conducted based on appropriate
manufacturing methods and projected cost estimation before fabricating a prototype design.
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